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Fig. 3. Circadian phases are altered in hydroponically grown soybean seedlings under long-term iron deficiency and alkaline stress. (A and B) Long-term
iron deficiency causes different rhythm changes in soybean leaves from cultivars with different iron utilization efficiencies. Normalized expression levels
of time-indicating genes are plotted in A. Estimated Phase24 is shown in B. Clark: iron-efficient; IsoClark: iron-inefficient. Fe sufficient: seedlings grown
with 100 pM Fe (NOs3)s; Fe limited: seedlings grown with 50 pM Fe (NO3z)s. ****P < 0.0001 (Student’s t test with Holm-Sidak multiple comparison cor-
rection). (C and D) Long-term iron deficiency causes different rhythm changes in soybean roots from cultivars with different iron utilization efficiencies.
Normalized expression levels of time-indicating genes are plotted in C. Estimated Phase24 is shown in D. DAP: days after planting. Fe sufficient: seedlings
grown with 100 uM Fe (NOs)s; Fe limited: seedlings grown with 50 pM Fe (NOs)s; Fe sustained: seedlings grown with sufficient iron for 14 d; Fe recovered:
seedlings grown with limited iron for 12 d and then with sufficient iron for another 2 d. ****P < 0.0001 (Student’s t test with Holm-Sidak multi-
ple comparison correction). (E and F) Alkaline stress causes a phase advance in leaves. Normalized expression levels of time-indicating genes are shown in
E. Estimated Phase24 is plotted against reported sampling time in F. A quadratic curve (solid blue line) fits the data better than a straight line (dashed
black line), P < 0.0001 (exact F test). The coefficient for the quadratic is significantly smaller than 0, suggesting phase advancement induced by alkaline
stress. P < 0.0001 (exact F test). Mean and SE are plotted. A and B are derived from GSE10730. C and D are derived from GSE22227. E and F are derived
from GSE20323.

Assessment of the Effects of Abiotic Stresses on Circadian Leaf
Movement. To test whether the stress-induced transcript abundance
changes in the soybean clock genes could influence clock-controlled
physiological outputs, we chose to measure circadian leaf move-
ment, as it has been widely used as a proxy to study the plant
circadian clock. Using the imaging setup, the specific soybean
cultivars or species and plant growth conditions provided in
Materials and Methods and in Dataset S5, we performed 2-d time-
course experiments using alkaline stress, mild drought, heat
shock, and short-term iron deficiency. The circadian parameters
including Phase24 and period were derived via nonlinear re-

on period: It caused arrhythmicity in more than half of the
soybean circadian clock orthologs tested, suggesting that the
soybean circadian clock is highly sensitive to heat shock. Different
orthologs of the same clock components had similar responses to the
same stress. For example, short-term alkaline stress and iron de-
ficiency advanced the phases of 2 TOCI orthologs, Glyma04g33110
and Glyma06g21120. Heat shock and short-term alkaline stress
lengthened the periods of 2 ELF3 orthologs, Glyma07g01601 and
Glyma08g21115. Nevertheless, the periods of different CCAI/LHY
orthologs in roots responded differently to iron deficiency. The heat

map also allowed us to identify additional functional orthologs (S/
Appendix, Fig. S3). Among the 6 CCA1/LHY orthologs, 5, including
the 2 with lower sequence similarities, responded to short-term
alkaline stress.
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gression. The wild soybean G. soja showed very robust circadian
leaf movement, and alkaline stress caused a phase advancement
(Fig. 6), which is consistent with the results of the molecular
timetable analysis (Fig. 3F) and RASL-seq analysis (Fig. 4C).
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Fig. 4. Heat shock (A), short-term iron deficiency (B), and short-term alkaline stress (C) induce phase advances in specific circadian components in
soybean leaves. The angular coordinates represent Phase24. The —log;o-transformed oscillation P values represent the robustness of the oscillation and
are plotted as radial coordinates. Circles represent control samples, and the triangles represent treated samples. The size of the symbols is proportional
to the SE (SEM) of Phase24, as illustrated in the key. The arrows pointing from control to treated samples represent the direction of the phase shift.
Student’s t tests with the Benjamini-Hochberg multiple comparison correction were used to compare control and treated samples and derive FDR. To
highlight statistically significant changes and apply a high stringency level to oscillation robustness, only genes with oscillation P values < 107'° and

FDRs < 0.05 were plotted.

However, it seems there was a phase delay on day 2 with alkaline
treatment (Fig. 64), which could be explained by the period
lengthening in response to alkalization (Fig. 6C). Interestingly,
while mild drought caused negligible perturbations to the clock
gene expression in the molecular timetable (Fig. 2B) and RASL-
seq analyses (SI Appendix, Fig. S3), it resulted in significant

Li et al.

changes in Phase24 and the period of leaf movement (SI Ap-
pendix, Fig. S44). By contrast, heat shock and short-term iron
deficiency did not cause significant changes in leaf movement (S/
Appendix, Fig. S4 B and C) despite their impacts on the clock
gene expression (SI Appendix, Fig. S3). These data are consistent
with the idea that different physiological processes in plants are
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Fig. 5. Heat shock (A4) and short-term alkaline stress (B) change the period
of specific circadian components in soybean leaves. Student’s t test with the
Benjamini-Hochberg multiple comparison correction was used to compare
control and treated samples and derive the FDR. To highlight statistically
significant changes and apply a high stringency level to oscillation robust-
ness, only genes with oscillation P values < 107" and FDRs < 0.05 were
plotted. Mean and SE are plotted.

controlled by distinct subsets of clock components (1). Pertur-
bations in individual or subsets of clock components may not alter
every clock-mediated behavior (32).

Discussion

Our 2-module discovery pipeline to assess rhythmicity changes
requires sensitivity and accuracy. To that end, we tested different
algorithms with different design principles, assumptions, and
complexities. An online rhythmicity analysis system called BioDare
(33) was developed with 6 period analysis algorithms: fast Fourier
transform-nonlinear least squares (FFT-NLLS) (34), mFourfit
(35), maximum entropy spectral analysis (36), the Enright periodo-
gram (37, 38), the Lomb-Scargle periodogram (LS) (39), and
spectrum resampling (40). In this study, we also devised a non-
linear regression strategy based on a cosine function combined
with a linear trend (COS) (see Materials and Methods for details).
To compare the performance of these 7 methods, we used the
time-course RNA-seq data of 55 clock candidate genes as the test
dataset (Dataset S7). The smallest variation in estimated periods
was achieved by LS, followed by COS and then FFT-NLLS (S7
Appendix, Fig. S54). However, the LS algorithm had a high false
negative rate. The expression profiles of genes with clear
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oscillations (e.g., Glyma03g42221 and Glyma04g33110) were
considered as arrhythmic by LS (SI Appendix, Fig. S5B and
Dataset S7). FFT-NLLS also suffered from the same problem
with genes like Glyma03g42221, Glyma08g05130, and Gly-
mallgl4490 (SI Appendix, Fig. S5B and Dataset S7). In con-
trast, the COS method developed in our study achieved a
sound assessment of rhythmicity without the high false nega-
tive rate. Therefore, COS was used in our analysis pipeline to
examine the influences that abiotic stresses have on the soy-
bean circadian clock.

Our previous knowledge of the effects of abiotic stress on the
soybean circadian clock is limited. Marcolino-Gomes et al. (41)
observed that mild and severe drought stresses perturbed the
amplitudes of representative clock genes in a drought-sensitive
soybean cultivar under diurnal conditions. However, these ob-
servations were confounded by both the endogenous circadian
clock and changes in the exogenous periodic light conditions,
making it hard to distinguish whether the clock or the light was
the major contributor to this phenotype. Our RASL-seq anal-
ysis suggests that mild drought had a negligible effect on the
phase and period of circadian clock gene expression in soybean
(SI Appendix, Fig. S3). Therefore, it is likely that the effects
recorded in Marcolino-Gomes et al. (41) were mainly due to
the exogenous periodic light changes instead of the endoge-
nous circadian clock.

The effect of iron deficiency on the circadian clock has been
investigated extensively in Arabidopsis (42—-45). Short-term iron
deficiency causes period lengthening under circadian conditions
(43) and phase delays under diurnal conditions (44). Despite
these molecular details, the biological significance of these phe-
notypes remains unclear (44). The observed soybean circadian
clock responses in our analysis of soybean have provided some
clues. Iron is a key element for photosynthesis and redox regu-
lation. Thus, iron homeostasis is tightly controlled through the
competition between the iron uptake and iron storage pathways.
The circadian clock regulates many genes involved in iron ho-
meostasis. The iron uptake pathway may be induced during
the day to facilitate photosynthetic processes (46). To maintain
homeostasis, and avoid iron toxicity, excess iron is stored in fer-
ritin proteins. At night, iron uptake is repressed and stored iron is
released (46). RASL-seq analysis suggested that short-term iron
deficiency mainly targeted evening-phased circadian components
for phase advances (Fig. 4B). Long-term iron deficiency caused
phase delay in both the iron-efficient wild-type cultivar, Clark,
and the inefficient Clark mutant, IsoClark, in leaves (Fig. 3C).
These phase delays may prolong the iron uptake period to
compensate for the iron deficiency. Although IsoClark utilized
the same strategy as Clark, under short-term iron deficiency
several genes displayed lengthened periods, including 1 LUX
ortholog in leaves and 3 morning clock gene orthologs in roots;
these differences were probably due to the iron inefficiency for
IsoClark (SI Appendix, Fig. S3). This behavior is similar to that in
Arabidopsis mutants defective in iron homeostasis, which also
have longer periods, even when grown under iron-sufficient
conditions (42). Future experiments comparing Clark and IsoClark
will provide more mechanistic insights into the biological func-
tion of the circadian clock in the regulation of the short-term and
long-term iron deficiency.

Alkaline stress is also a major abiotic stress that limits crop
productivity. To our knowledge, its impact on the circadian clock
has never been explored in plants. However, this connection was
captured by our computational analysis (Fig. 3 E and F) and the
pervasive modulations of the phase of clock components by al-
kaline stress was experimentally revealed (Figs. 4C, 5B, and 6
and SI Appendix, Fig. S3). Interestingly, salinity stress, which
usually cooccurs with alkaline stress, also causes very strong
perturbations in phase (SI Appendix, Fig. S6). Since alkaline
stress reduces the solubility of many minerals, including iron
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Fig. 6. Wild soybean has robust circadian leaf movements, and alkaline stress changes this global rhythm dramatically. (A) Leaf movements of soybean under
alkaline stress. Seven-day-old seedlings of G. soja were transferred from germination paper to a hydroponic unit system and grown for 10 d under the
ambient light condition in the greenhouse. The seedlings were kept in constant light on the ninth day. On the 10th day, half of the seedlings were treated
with 50 mmol/L NaHCOs3 (pH 8.5) at ZT 24, and then the movement of the first unifoliolate leaf was recorded hourly. Leaf movement data represent mean +
SE. (B) Alkaline stress induced phase advances in circadian leaf movement. (C) The period of circadian leaf movement was lengthened after alkaline stress. (D)
Alkaline stress increased the relative amplitude of circadian leaf movement. Circadian rhythm parameters, including Phase24, period, and relative amplitude,
were derived via nonlinear regression. The white and gray regions in the trace plot indicate subjective light and dark periods, respectively. **P < 0.01; ****P <

0.0001 (Student’s t test).

(46), its pervasive impacts on the phase echoes the effect of iron
deficiency. Future studies will determine whether alkaline stress
and iron deficiency share similar signaling components to mod-
ulate the circadian clock and will uncover the biological signifi-
cance of these modulations.

One interesting general observation from our study is that only
some soybean circadian clock components were perturbed by
different abiotic stresses (SI Appendix, Fig. S3). This observation
is consistent with results from other studies. In Arabidopsis, com-
parisons of the genome-wide expression profiles of samples under
thermocycles and circadian conditions also found that the phases
of only a subset of clock-related genes were shifted by thermo-
cycles (47). In rice, while temperature and solar radiation had
strong effects on the expression of certain clock-related genes, the
internal time of the plants was not affected by weather, photocycle,
or developmental age in the field (32). In our study, the period
changes varied and were observed in a limited number of genes
with variations. For example, alkaline stress lengthened the period
of CCAI/LHY (Glymal6g01980), RVE6 (Glyma09g24400), and
CAT2 (Glymal7g38140), while shortening the period of LUX
(Glymallgi4490) under the same stress condition. These obser-
vations raised an interesting question: Why do perturbations in a
subset of clock-related genes not transmit to other clock genes
or even the circadian clock system as a whole? One possible ex-
planation is that for a limited number of clock components the
interlocked multiloop structure and nonlinearity of the circadian
clock system have enhanced the robustness against the endoge-
nous and exogenous perturbations (48). Another possibility is that
because the time course lasted only 48 h, the clock was undergoing
a transient and shifting perturbation. What we observed might
have been the initiation of clock changing. Based on our bio-
informatics analysis, the soybean genome has many more copies of
clock-related genes than does the Arabidopsis genome. Thus, the
regulatory network of the soybean circadian clock system may be
more complex and potentially more robust than the Arabidopsis
circadian clock. In-depth mechanistic and systems studies are re-
quired to better understand the soybean circadian clock.

Similar levels of complexity were observed for the effects of
abiotic stresses on the clock outputs. Using leaf movement as a
proxy for clock behavior, we found a phase advancement in leaf
movement that was consistent with our gene expression analysis
for the response to alkaline stress, but not with that for mild
drought, heat shock, or short-term iron deficiency. We hypothesize
that the differences between the rhythmic leaf movement and
clock gene expression in response to abiotic stresses are probably
due to the distinct molecular mechanisms underlying the rhythmic
leaf movement of Arabidopsis and soybean. Although the
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molecular details of the control of Arabidopsis leaf movement
have not been fully resolved, circadian leaf movement is con-
ferred by the differential growth of the adaxial and abaxial sides
of the petiole (49, 50). However, leguminous plants like soybean
have a specialized leaf motor organ, the pulvinus, to regulate re-
versible changes in leaf position. Opposing volume changes
resulting from ion and water fluxes in the opposite parts of the
pulvinus drive reversible leaf movement without requiring
growth (51). Isolated bean pulvinus protoplasts could maintain
their rhythmic swelling under continuous light for more than
8 d (52). Therefore, while the circadian regulation of growth is
likely to be the main contributor to the rhythmic leaf movement
of Arabidopsis, the circadian regulation of pumps, carriers, ion,
and water channels in the pulvinus is probably the key driving
force in soybean (51, 52). Alkaline stress is likely to affect the ion
flux through its direct impact on pH and mild drought may sig-
nificantly influence the water flux, thus perturbing the rhythmic
swelling of the pulvinus. The current literature is unclear about
whether heat shock or short-term iron deficiency affects the
swelling of the pulvinus. Clock components involved in the re-
sponse to heat shock and short-term iron deficiency may not
regulate pulvinus swelling. An alternative explanation for the
differences may be the tissue specificity of the circadian clock
(53). Since different tissues were studied for the leaf movement
assay (pulvini of the first trifoliolate leaf) and RASL-seq analysis
(blades of unifoliolate or trifoliolate leaves), the circadian clocks
in these tissues may not have been tightly coupled.

Taken together, our discovery pipeline has helped reveal in-
sights into the environment—circadian clock interplay in soybean
that could not have been extrapolated from what has been learned
in Arabidopsis. The comprehensive high-resolution datasets gen-
erated are also valuable assets for quantitative modeling of the
crop circadian clock system, which is paramount to the systems-
level understanding of this complex network. However, it cannot
fully replace the circadian time-course transcriptomic analysis.
Rather, the discoveries generated by our pipeline may guide the
investment in the more laborious and expensive full-scale time-
course transcriptomic experiments on selected environmental
stimuli. Importantly, this discovery pipeline is not limited to ap-
plications in soybean; it can be readily applied to any species with
genome information and publicly available transcriptome datasets.

Materials and Methods

Plant Materials, Growth Conditions, and Treatments. Seeds of soybean cultivars
Williams 82, Clark, and IsoClark and of Glycine soja were used in this study.
For the RNA-seq analysis, Williams 82 seedlings were grown in soil (Sun Gro
Horticulture) under long-day conditions (16 h light/8 h dark) for 9 d in a
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growth chamber under the following conditions: 28 °C, 50% relative hu-
midity, and a light intensity of 100 umol-m~2.s~". On the tenth day, the light
was switched to constant conditions. Seedlings were sampled every 4 h for
44 h starting at ZT24 on the 11th day. For each time point, 3 biological
replicates were obtained, and each sample comprised pooled material from
the unifoliolate leaves of 3 individual seedlings. The plant materials, growth
conditions, and treatments related to the time-course experiment for RASL-
seq are summarized in Dataset S5.

RNA-Seq and Data Analysis. Total RNA was extracted using RNeasy Plant Mini
Kits (Qiagen). RNA quality was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies). Transcriptome sequencing was performed using the
Illumina HiSeq platform (lllumina, Inc.) and conducted at BGI Americas
(https://www.bgi.com/us/). The data processing was performed mainly
according to Li et al. (54). Briefly, for each sample, RNA-seq data were col-
lected from 3 lanes, and the raw reads were trimmed and cleaned sepa-
rately. The cleaned reads were combined and aligned to the soybean
reference genome Glycine_max_Wm2.a1.v1.0 using the spliced alignment
identification tool TopHat (V2.1.0). Glycine_max_Wm2.a1.v1.0 was used for
better comparison since most of the transcriptome data used for the mo-
lecular timetable analysis were originally mapped to this version of the
reference genome. The aligned reads were counted using HTseg-count
(version 0.6.0). Only genes with nonzero FPKM (fragments per kilobase
per million mapped fragments) values in all 36 samples were included for
further analysis. The RNA-seq data generated in this study have been de-
posited in the National Center for Biotechnology Information’s Gene Ex-
pression Omnibus (accession no. GSE94228).

Identification of Time-Indicating Genes. To identify time-indicating genes
that had robust circadian oscillation with high relative amplitude, the FPKM
values of each gene were analyzed via 2 filters. First, the expression profile
of each gene was fit against 1,440 test cosine curves. The curves all had unit
amplitudes and 24-h periods, but they had different phases (0 to 24 h)
measured at 1-min increments. The correlation coefficient (R) and phase of
the best-fitting curve were assigned to each gene. Genes with R > 0.9 were
selected for further filtering. Second, the CV (coefficient of variation) was
used as a proxy for relative amplitude and calculated for each gene using
FPKM values. A total of 3,695 genes with CV > 0.3 and R > 0.9 were se-
lected as time-indicating genes. The phases of these time-indicating genes
were rounded to integers from 0 to 23. The time-indicating genes with the
same rounded phase were considered as one CT group, resulting in 24
CT groups.

Assembly of Soybean Abiotic Stress-Related Transcriptomes and Normalization.
Abiotic stress-related soybean transcriptome datasets were assembled
from diverse online sources including NCBI's Gene Expression Omnibus,
EMBL-EBI's ArrayExpress, and PLEXdb. Whenever available, raw data from
single-color microarray datasets were renormalized using the RMA algo-
rithm with baselines of each array adjusted to the median. Both channels
from 2-color microarray datasets were individually normalized using a
quantile normalization method and then median-adjusted. RPKM (reads
per kilobase per million mapped reads) and FPKM values were generated
and used for single-end and paired-end RNA-seq datasets, respectively.
Whenever the raw datasets were not available in the submitted files,
processed expression matrices supplied by the original authors were used
directly. The original experimental designs of these transcriptomes are
listed in Dataset S2, the normalized expression matrices used for molec-
ular timetable analysis are provided on GitHub (30), and a list of time-
indication genes is provided in Dataset S3.

Application of the Molecular Timetable Method. The expression profiles of
time-indicating genes were extracted from the renormalized transcriptome
datasets. Standardization was first applied to each time-indicating gene
across different samples within one experiment so that each time-indicating
gene had the same average expression level and SD. Standardization was
then applied to each sample within one experiment so that each sample had
the same average expression level and SD. Three sufficient statistics, including
number of genes and the mean and SD of the standardized expression levels

1. K. Greenham, C. R. McClung, Integrating circadian dynamics with physiological pro-
cesses in plants. Nat. Rev. Genet. 16, 598-610 (2015).

2. P.Y.Hsu, S. L. Harmer, Wheels within wheels: The plant circadian system. Trends Plant
Sci. 19, 240-249 (2014).

3. C. Bendix, C. M. Marshall, F. G. Harmon, Circadian clock genes universally control key
agricultural traits. Mol. Plant 8, 1135-1152 (2015).
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of time-indicating genes, were calculated for each of the 24 CT groups and
used to estimate the oscillation parameters for each sample. To estimate the
circadian rhythm parameters, the 3 sufficient statistics for the 24 CT groups of
each sample were fit to the following equation in GraphPad Prism 6:

2n
E jion level = Amplitud
xpression leve mplitude x cos (Perio g

x CTgroup — ;—Z X Phase24> +aX+b.

Period was constrained to be more than 12 h but less than 36 h. Samples
with nonconverging fitting were considered arrhythmic. The resulting
best-fitted value, SE, and degree of freedom for each parameter were
used for statistical tests. To improve comparability and reduce the con-
founding effects of period differences on the comparisons of phases
(peak expression time in a day), the phase was scaled to a 24-h period,
yielding Phase24.

Identification of Soybean Circadian Clock and Output Genes. To identify
orthologs of the Arabidopsis circadian clock and output genes in the
soybean genome, the amino acid sequences (The Arabidopsis Information
Resource, https://www.arabidopsis.org/) of the corresponding Arabidopsis
proteins were used as queries in BLAST searches (tBLASTn) against the G. max
genome v_1.0 using the Phytozome database (https:/phytozome.jgi.doe.gov/
pz/portal.html#!info?alias=0Org_Gmax). The most similar representative se-
quences were selected on the basis of whether they had alignment e-values
equal to 0 or less than the cutoff E-value of 107'2,

RASL-Seq. Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. The RASL-seq procedure was
performed as described (29). The primers are listed in Dataset S6. The se-
quencing data were demultiplexed and aligned with the gene-specific pri-
mers. The resulting count matrix was first blanked using the reads from the
average reads of the blank wells and then standardized. The standardized
expression matrix is provided in Dataset S8. Nonlinear regression was ap-
plied to derive Phase24 and period. The best fit value, SE, and degree of
freedom of Phase24 and the period were used for statistical tests with
multiple comparison corrections to obtain the FDR. The predicted values
from the nonlinear regression were fit against the standardized expression
profile of each gene in each experimental condition through linear re-
gression. The corresponding P values from associated ANOVA tests on these
linear regressions were used as measurements of the robustness of the
circadian oscillation.

Leaf Movement Assay. Leaf movement was measured as described previously
with minor modifications (55). Images under constant light were recorded
hourly for 2 d using a 4K Ultra HD Camera (GoPro Hero 5). Leaf movement
was assessed by measuring the distance from tip to tip of the symmetrical
leaf pair of the first trifoliolate using Fiji/lmagel) (NIH). Data normalized by Z-
score transformation were used in the analysis of circadian rhythm. The
results represent the mean + SE. Four biological replicates were obtained.
The plant materials, growth conditions, and treatments were used the same
as those used for the RASL-seq experiments.

Data Availability. All data discussed in the paper are available in Datasets S1-S8,
and on GitHub (30).
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